Abstract The reproductive activity of females of the Chinese pond mussel (Sinanodonta woodiana) was investigated in a European population inhabiting cooling water. The study used histological and stereological methods to determine gonad structure, changes in reproductive follicles during gametogenesis, oocyte development, glochidia structure, and brooding periods. Water in the channel of the "Dolna Odra" power plant did not freeze during the winter, and its mean annual temperature was 18.4°C. The population sex ratio was female biased (χ 2 = 25.70, df = 1, P \ 0.0001). Ovaries in mussels were formed by reproductive follicles. Previtellogenic and vitellogenic oocytes were attached to the follicle wall via the cytoplasmic stalk, and mature ovulated oocytes were present in the follicle lumen. Individuals with mature oocytes in gonads were present over the whole two-year study period, which indicates the continuous activity of gonads. Hooked glochidia had a larval thread. Females incubated the offspring in gill marsupia of outer demibranchs and were characterized by multiple tachytictic brooding periods. All gravid individuals presented mature and spent stages of gonadal development. The study provides the first direct information about the reproductive dynamics of this invasive species outside its original Asiatic range.
Introduction
In the Unionoidea, finding a host fish is a crucial event in the life cycle of parasitic glochidia, which may facilitate larvae migration and the colonization of new areas. Glochidia attached to the fish body migrate to certain distances, undergo metamorphosis, and begin a relatively sedentary lifestyle in a new habitat (Kat, 1984; Rogers-Lowery & Dimock, Rogers-Lowery et al., 2006) . Most unionid species are also generalists with respect to the choice of host, including cases of encystation on the body of fish species with which they do not coexist in the areas of their natural range of distribution (Barnhart et al., 2008; Łabęcka, 2009; Douda et al., 2012) . In addition to the natural tendency of organisms for expansion, many spectacular examples of extension in the distribution range of different aquatic species have been observed in connection with the development of the transport and construction of channels linking river and marine catchment basins (Hebert et al., 1989) . Human activity contributes to the formation of new habitats, often with increased temperature, like discharge channels of cooling water, greenhouses, or botanical gardens. These sites can be inhabited by species arriving even from distant climate zones (Alexandrowicz, 1993; Piechocki et al., 2003; Strzelec et al., 2006) , and an increase in the size of the invaders' population can be facilitated, for example, by hermaphroditic reproduction and/or breeding multiple times per year (Łabęcka, 2009 ). Allendorf & Lundquist (2003) argue that some species may be intrinsically better competitors because they evolved in a more competitive environment. Jokela & Lively (1995) , Lively & Dybdahl (2000) , and Sousa et al. (2005) also argue that the absence of natural enemies provides non-indigenous species with more resources available for growth and reproduction, and thereby allows them to out-compete native species.
The Chinese pond mussel Sinanodonta woodiana is indigenous to Asia and arrived in Europe as a result of human activity. It appeared for the first time in the early 1960s in Romania and Hungary, and was found in breeding ponds to which herbivorous cyprinid fry (grass carp Ctenopharyngodon idella and silver carp Hypophthalmichthys molitrix) infected with glochidia were brought from the native regions of this mussel, i.e. from the Amur and Yangtze Rivers (Petró, 1984; Sárkány-Kiss, 1986) . In Poland, this species first appeared in the early 1980s in the Heated Konin Lakes system (the Kuyavian Lake District, central Poland) , to where it was brought with H. molitrix and bighead carp H. nobilis imported from Hungary (Zdanowski, 1996; Soroka et al., 2014) . In 2003, live adult individuals were found in the "Dolna Odra" power plant's cooling water (Western Pomerania Region, north-west Poland) (Domagała et al., 2003) . The channel in which the species was detected is heated and filled with water used for cooling power generators. This water is discharged from the power plant by a separate 3.6 km channel to the Eastern Odra River.
Interest in the biological problems associated with cooling water as a habitat for organisms has been growing since heat and power plants implemented cooling systems for power generators supplied with water from nearby watercourses (Silayeva & Protasov, 2002; Domagala et al., 2014; Pilecka-Rapacz et al., 2015) . Cooling water increases the temperature of the water in a reservoir receiving water from the power plant and modifies the reproductive activity of cold-blooded animals (Domagała et al., 2015; Kirczuk et al., 2015) . In unionids, water temperature influences the incubation time of glochidia in gill demibranchs (short-tachytictic brooding, long-bradytictic brooding), the time of their release (summer and winter releasing), overwintering site (parent and/or host overwintering), and the number of clutches per year (Heard, 1998; Graf & Ó Foighil, 2000; Watters & O'Dee, 2000) .
Because of the rapid spread of S. woodiana in European waters (Giradi & Ledoux, 1989; Košel, 1995; Beran, 1997; Domagała et al., 2003; Paunovic et al., 2006; Munjiu & Shubernetski, 2008; Cappelletti et al., 2009; Pou-Rovira et al., 2009; Lajtner & Crnčan, 2011) , we undertook a study to investigate female reproductive activity using histological and stereological methods. For this purpose we analysed (i) changes in the morphology of reproductive follicles and (ii) oocytes during gametogenesis. We described (iii) the structure of glochidia and identified (iv) brooding periods in the female gills. The study was carried out on Chinese pond mussel females living in the cooling water of the "Dolna Odra" power plant's Ciepły Channel. This habitat is connected with the Eastern Odra River and is the largest source of larvae of this species, which colonize further sections of the Odra River .
Materials and methods

Field methods
Sinanodonta woodiana was captured by free diving and on the shallow level, once a month between July 2004 and June 2006 (with the exception of October 2005). Individuals were collected by hand, at depths of 0.5-2.5 m, at about 300 m distance from the power plant (N53°12′E 14°28′; Fig. 1 ). The collected bivalves were transported to the laboratory and placed in aerated aquaria where the water temperature was the same as in the sampling sites. Live bivalves were kept in aquaria for several hours and fed with commercially available aquarium fish feed containing Daphnia spp.
In the field, water temperature (°C) and dissolved oxygen content (mg O 2 dm −3 ) were measured with a multipurpose metre Elmetron, Zabrze, Poland) , and pH and electrical conductivity (μS cm
were measured with a combination electrode.
Reproductive activity
Histology
The length of the shell was measured with an electronic calliper (Etalon, Braunschweig, Germany) to the nearest 0.01 cm. Adductor muscles of animals were cut across, and the internal tissues were removed and preserved in a 6% solution of buffered neutral formalin (POCH, Gliwice, Poland) . After preservation, a single fragment of about 10 mm 9 5 mm of ovary was dissected from the central part of the gonad and dehydrated in ethyl alcohol of increasing concentrations (50, 60, 70, 80, and 96%) and in butyl alcohol (POCH). Tissues were cleared in chloroform (POCH) and embedded in paraffin (POCH) with wax (95% paraffin: 5% wax). Serial 5-μm-thick slices were cut on a rotary microtome (RM 2155, Leica, Nussloh, Germany) . Specimens were stained progressively with Ehrlich haematoxylin (Carl Roth, Fig. 1 Map of the Odra River branches and channels, with the sampling site indicated by the solid circle on the Ciepły Channel of the "Dolna Odra" power plant (DOPP) Hydrobiologia (2018) 810:57-76 59 Karlsruhe, Germany) and a 1% aqueous solution of eosin Y (Fluka-Sigma Aldrich, Saint Louis, MO, USA), dehydrated in 96% ethyl alcohol and acetone (POCH), cleared in xylene (POCH), and mounted in DPX (POCH).
Sex and sex ratio
The sex of each individual was determined based on the presence of reproductive cells in gonads representing the female (female), male (male), or both male and female (hermaphroditic) lines. The sex ratio for all captured male and female individuals was compared with a theoretical 1:1 ratio using the χ 2 test.
Structure of gonad, reproductive follicles activity assessment, and oogenic cells
The histological structure of gonads, ovarian activity, and phases of oocyte growth and development were analysed under a light microscope (Eclipse 80i, Nikon, Japan) configured with NIS Elements software (Nikon) and a digital camera (Digital Sight, Nikon). All statistical analyses were conducted using SPSS 16.0. software (IBM, New York, NY, USA). In ANOVA, the homogeneity of variance was checked with the Levene's test, and normality was checked with the Kolmogorov-Smirnov test.
To assess the activity of the ovaries in each female, the stage of gonadal development was identified. We used the classification proposed by Morton (1982) , Dudgeon & Morton (1983) , and Juhel et al. (2003) after our modification and extension with stages 4A-C and 5A-B (Table 1 ). The characterization of stages included qualitative and quantitative changes in reproductive follicles and stages of oocyte growth and development.
For each month, we specified the number of females at each stage and based on this calculated the percentage of individuals at a particular stage in a monthly system. Correspondence analysis was performed to illustrate the distribution of specific stages month-by-month between 2004 and 2006. This method allowed for the identification of months showing the highest similarity in terms of advancement in gonadal development, as well as the stages that had the strongest differentiating effect on individual months.
Reproductive follicles were measured along the basement membrane using the "area polygon" function. Then the software calculated the mean diameter of the follicle, equal to the diameter of a circle with the area of the follicle area. This method helped to standardize the presentation of data on the dimensions of anatomical structures (cells, see below) with the principles used in stereological studies, where the diameter is the basic measure of size (Zieliński, 2002) . The thickness of the follicle wall (the height of nurse cells, NC) was measured in line from the basal surface of nurse cells, extending from the basement membrane of the follicle, to the cell membrane of the apical part of nurse cells. Measurements were taken for 50 randomly selected follicles at stages 4A, 4B, 4C, 5A, and 5B (10 follicles per stage from 5 randomly selected individuals). Analysis was not carried out for follicles at stage 1 (insignificant sample size) or 2 and 3 (no individuals were identified at these stages).
Differences between the diameters and wall thickness of follicles at individual stages were analysed separately for diameter and thickness with two-way nested ANOVA (log-transformed data were used). The fixed factor was the type of follicle at a particular stage, and an individual mussel was a random factor (nested in the fixed factor). The post hoc LSD Fisher's test was used to analyse statistically significant results.
Previtellogenic (PVOC), vitellogenic (VOC), mature ovulated oocytes (MOC) and their atretic forms: atretic previtellogenic (aPVOC), atretic vitellogenic (aVOC), and atretic mature ovulated oocytes (aMOC) were counted in each measured follicle. Numbers of oocytes of a particular type produced by follicles at all investigated stages were tested with two-way nested ANOVA (log-transformed data were used). The fixed factor was the type of follicle at a particular stage, and an individual was a random factor (nested in the fixed factor). Separate calculations were carried out for each type of oocyte. The post hoc LSD Fisher's test was used to analyse statistically significant results.
Cells and nuclei measurements were taken for 100 PVOC and 100 MOC (10 oocytes of each type from 10 randomly selected individuals). Oocytes were measured along the plasmalemma, and nuclei along the caryolemma. Next, the diameter was calculated, and its value was used for statistical tests. The size of both types of oocytes was assessed only in individuals at stage 4B. Cells from this stage were chosen if two criteria were met at the same time: (i) presence of the highest number of PVOC and MOC in follicles facilitating a random selection of oocytes from the available pool and (ii) presence of the highest number of available females at stage 4B.
The size of PVOC and MOC, i.e. oocytes from the initial and final phases of development, respectively, and nuclei diameter of these cells were compared using two-way nested ANOVA. Type of cell or type of nucleus was a fixed factor, and an individual was a random factor nested within a cell type or nucleus type. Prior to the analysis, the data on cell and nucleus size were log-transformed. In addition, we calculated Pearson's correlation coefficient for the size of previtellogenic oocytes and their nuclei, and for the size of mature ovulated oocytes and their nuclei.
Glochidia and brooding periods
Females' ability to produce offspring was confirmed based on the inspection of gill demibranchs for the presence of eggs, embryos, and glochidia. Drops of the liquid content of brooding chambers were placed onto a glass slide and viewed under a light microscope (Biolar, PZO, Warsaw, Poland). Females were identified either as brooding or non-brooding. The proportion of gravid and non-gravid individuals was compared using Fisher's exact test. To increase the sample size, data collected in different years were pooled according to calendar months. Then, pairwise comparisons were performed between months.
Glochidia were isolated from the brooding chambers of 13 randomly selected females and assessed, according to Sayenko et al. (2005) , for shell length and height, hinge length, and hook length. Measurements were taken for 28-31 randomly selected larvae from each female; in 8 larvae, the hook length could not be measured.
Results
Characteristics of water parameters
Water temperature in the Ciepły Channel increased from March to August (Fig. 2 ). In the study period, the lowest water temperature was recorded in February 2006 (5.9°C), and the highest in August 2004 (30.4°C). The mean annual temperature was 18.4°C. Nurse cells decreased in height and the follicle walls became thinner (Fig. 4c) 
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The thickness of follicle walls decreased but were still stretched ( Water in the channel did not freeze during the winter. Mean values of pH, oxygen concentration, and electrical conductivity are presented in Table 2 .
Reproductive activity
Sex and sex ratio
Histological analysis demonstrated that of 429 captured individuals 269 were female and 148 were male (Fig. 3) . We identified 10 hermaphrodites and 2 individuals of undifferentiated sex. The sex ratio in the population of S. woodiana was (without individuals of undifferentiated sex) ♂♂ 34.66% : ♀♀ 63% : ♂♀ 2.34%. The χ 2 test demonstrated that the female to male ratio differed significantly from the expected ratio of 1:1 (χ 2 = 25.70, df = 1, P \ 0.0001).
The mean length of shell in the analysed females was 10.7 cm (3.15-16.8, SD 2.74). Structure of gonad, oogenic cells, and reproductive follicles activity assessment
The female gonad was located at the base of the foot.
In the anterior part of the body, it was adjacent to the hepatopancreas, and in this region, the penetration of hepatopancreas cells between reproductive follicles was noted. The ovary was at points infiltrated by the muscle tissue, and intrafollicular spaces were filled with haemocel (Figs. 4d, f) . The wall of follicles was made of basement membrane (Fig. 5b) . Nurse cells and oogenic cells extended from the internal surface of the basement membrane (Figs. 4a-f, 5a-d).
The early previtellogenic oocytes were attached via the basal surface to the basement membrane of the follicle and were surrounded by nurse cells (Figs. 5a,  b) . The proximal end of the cell was wide. In this area, a cytoplasmatic stalk (foot, peduncle) was formed. During the maturing process, the shape of oocytes changed from semicircular to pear-shaped (Fig. 5a, b) . The cytoplasm of oocytes was stained with haematoxylin. The mean diameter of PVOC was 14.63 μm (8.46-32.02, SD 3.81), and the mean diameter of their nuclei (PVOC n ) was 8.58 μm (5.93-12.69, SD 1.46) (Fig. 6) . The nucleus had a large and distinct nucleolus (Figs. 5a, b) . The nuclei diameter increased along with the increase in PVOC diameter (Pearson's coefficient r = 0.89, P \ 0.0001). As PVOC matured, their nuclei changed position and migrated from the proximal end to the distal end of the cell.
The vitellogenic oocytes were connected via the cytoplasmatic peduncle to the basement membrane of the follicle, but the shape of the foot and cell had changed. The wide-base stalk changed into a triangular shape, with a distinct narrowing in the upper part connecting the stalk with VOC (Fig. 5c) . The oocytes became spherical, and the cytoplasm was stained with eosin.
Mature ovulated oocytes were present in the follicular lumen. Such cells were spherical, polarized-with the nucleus located at the distal end-and cytoplasm was stained with eosin ( Fig. 5e) . The mean diameter of MOC was SD 4.45) , and the mean diameter of the nuclei (MOC n ) was 28.95 µm (21.33-34.31, SD 2.65) (Fig. 6) . The size of MOC was positively correlated with the size of their nuclei (Pearson's coefficient r = 0.31, P = 0.0011). MOC diameter was significantly greater than PVOC diameter (ANOVA, F 1.18 = 3347.44, P \ 0.0001), and the diameter of MOC n was significantly greater than PVOC n (ANOVA, F 1.18 = 1479.80, P \ 0.0001) (Fig. 6) .
The year long gonadal activity and maturity (stages 4) was identified, but the frequency of each stage (4A, 4B, 4C) varied between months (Fig. 7) . In many cases, females at different stages of maturity (4A-C) and females with gonads at the "spent" stage were identified. In late summer and early autumn, 18-50% of the population were at stage 5A (Fig. 7) . The presence of individuals at this stage was the strongest feature differentiating the gonadal activity in females when compared to other months (Fig. 8) . On several irregular occasions, females at stage 5B were noted.
The follicles of mature females differed in terms of size and wall thickness. The largest diameter was found in follicles at stages 4B and 4C, and the thickest were at the initial stage of spawning, 4A (Fig. 9) . In the analysed individuals, the number of previtellogenic, vitellogenic, and mature ovulated oocytes in the germinal epithelium of follicles fluctuated (Fig. 10a, c, e) . The number of atretic oocytes in the follicles at individual developmental stages did not differ significantly between the types of follicles (Figs. 10b, d , f).
Glochidia and brooding periods
Brooding outer demibranchs were swollen. Creamcoloured gills contained eggs, embryos and, occasionally, developing glochidia (Fig. 11a, b) . Brown gills contained mainly incubating glochidia, but embryos and unfertilized eggs were also found ( Fig. 11c-f) .
Eggs, embryos, and larvae during incubation were surrounded by a vitelline coat (Fig. 11c, e) . Glochidia were triangular and asymmetric (Fig. 11e, f) , with a larval thread (Fig. 11f) and a sharp claw-like hook covered with microstylets (Fig. 11g) . The halves of the bivalve shell were connected with the adductor muscle (Figs. 11d-f Gravid females were present for almost the whole year (except September and December 2004-small number of captured mussels). The highest numbers (and percentage share) of brooding females with respect to non-brooding ones were found from December to August, and the lowest from September to November (Figs. 3, 12 ), but the significance levels in the frequency of gravid and non-gravid individuals differed between particular months (Fisher's exact tests Table 3 ).
The gonads of all brooding individuals presented different stages: 4A, 4B, 4C, 5A, and 5B. The largest female with ovulated oocytes in ovaries, and at the same time incubating offspring in the gills, had a 16.8-cm-long shell. The smallest gravid female had a 5.33-cm-long shell, and the smallest female with ovulated oocytes in follicles had a 3.15-cm-long shell.
Discussion
Habitat
The physicochemical conditions in the cooling water during the study period were similar to those reported from the second half of the 1990s (Domagała & Kondratowicz, 2005 , 2006 Domagała & PileckaRapacz, 2007) . Water temperature in the Ciepły Channel depend on the temperature in the channel providing water to the power plant, the number of operating power units, and their performance level (Domagała & Kondratowicz, 2006) . The maximum temperature, oxygen concentration, and pH were also similar to those observed in the Plover Cove Reservoir (Hong Kong), populated by Sinanodonta (Anodonta) woodiana (Dudgeon & Morton 1983 ), but in cooling water in winter, water temperature was lower (5.9-11.8°C) than in Plover Cove (16°C). This may suggest that the Chinese pond mussel is tolerant to lower than previously recorded water temperature in winter, can survive this period, and even reproduce. The presence of females incubating glochidia in water of natural temperature has already been confirmed in the channels of the Odra River .
Reproductive activity
Sex ratio in population
In the studied population, females outnumbered males. The dominance of females was also reported for the Plover Cove Reservoir: ♀♀ 59.9% : ♂♂ 39.8% : ♂♀ 0.3% (Dudgeon & Morton, 1983; Morton, 1987) . On the other hand, Soroka (2000) investigated S. woodiana in the Heated Konin Lakes system and reported the dominance of females only in Licheńskie Lake. Dudgeon and Morton (1983) identified the sex by the detailed analysis of histological specimens, while Soroka (2000) determined female sex on the basis of the presence of oocytes in the gonadal fluid and male sex on the basis of the absence of oocytes. The method according to Soroka (2000) is not fully reliable, as it is unsuitable for females at "immature/ resting" and even late "spent" stages. Thus, it is uncertain how many males and females could have been overlooked.
The incongruence with the 1:1 sex ratio could be explained by the theory of local mate competition (Hamilton, 1967) , referring to a situation in which individuals are closely related and males compete for the same females. This would be the case in a young, recently established population. Of note is that the Plover Cove Reservoir was put into operation in 1968 (Berkowitz, 1968) , and bivalves for which the sex ratio in this population was identified were collected from the end of 1979 (Dudgeon & Morton 1983) . Populations from Poland were also young (Zdanowski, 1996; Domagała et al., 2003) , which was additionally confirmed by Soroka (2005 Soroka ( , 2010 .
Another hypothesis, still requiring detailed analysis, suggests that the dominance of females in the population from the cooling water could be explained either by mixed reproduction (sexual and asexual) or only asexual reproduction, like parthenogenesis or gynogenesis. In molluscs, parthenogenetic females are found, e.g. in the freshwater invasive snail Potamopyrgus antipodarum (Fox et al., 1996; Lively & Jokela, 2002) . Lively & Jokela (2002) also concluded that parasites may be a factor in selecting b Fig. 4 Another interesting finding is the spermatogenic pathway in S. woodiana males, where two types of spermatozoa were identified: typical and atypical (Łabęcka, 2009 ). The function of atypical spermatozoa is unclear. According to one hypothesis, the atypical spermatozoa could be involved only in the stimulation of oocytes (insemination but not fertilization), leading to the production of gynogenetic offspring (Łabęcka, 2009) . Another possibility could stem from the presence of different types of mt DNA in spermatozoa developed in typical and atypical pathways. Mitochondrial genomes of such spermatozoa could be involved in the regulation of offspring sex. Shepardson et al. (2012) investigated spermatogenesis in Venustaconcha ellipsiformis and reported the presence of the M-type of mt genome in the mitochondria of atypical spermatozoa and the F-type of mt genome in typical spermatozoa. Łabęcka (2009) analysed reproduction in S. woodiana males and also noted atypical spermatogenesis leading to the formation of atypical spermatozoa, but this process was relatively less frequent than typical spermatogenesis. This phenomenon is a likely explanation for the female-biased sex ratio in the population of mussels from the cooling water.
Structure of gonad and oogenic cells
The structure of ovaries in S. woodiana was similar to that found in other Unionoidea mussels (Yokley, 1972; Grande et al., 2001; Chatchavalvanich et al., 2006; Sehriban & Sereflisan, 2006; Hinzmann et al., 2013; Müller et al., 2015) . Reproductive follicles contained nurse cells and reproductive cells in different developmental phases. In previtellogenic oocytes, the dimeters of cells and nuclei were positively correlated. This process may reflect the increase in the amount of nucleoplasm and increased synthesis of mRNA in the nucleus, followed by the transport of mRNA to the cytoplasm and preparation of the cell for vitellogenesis (Bielańska-Osuchowska, 1993) . Positive staining of cytoplasm in previtellogenic oocytes with haematoxylin indicates its basophilic nature. rRNA could be synthesized in the nucleolus. The metabolic activity of the nucleouls is implied by the size of this organellum (Fig. 5a, b ) (Griffond & Bolzoni-Sungur, 1986) .
Further increase in the size of the oocyte is associated with vitellogenesis-deposition of storage substances in the cytoplasm of the oocyte. Beams & Sekhon (1966) cytoplasm and Golgi apparatus, and the endoplasmic reticulum is involved in this process. Unionid oocytes elongate towards the follicular cavity, and a narrow stalk rich in microtubules is formed at the base of the cell simultaneously (Beams & Sekhon, 1966; Pipe, 1987; Focarelli et al., 1990) . Microtubules probably form channels used for the transport of additional nutrients from nurse cells to the oocytes (Beams & Sekhon, 1966) . In nurse cells of Margaritifera margaritifera Hanstén et al. (1997) identified, for example, PAS-positive protein-glycoprotein granules. Our study revealed that the cytoplasm of nurse cells contained eosinophilic (acidophilic) granules. In S. woodiana, we also observed a reduced wall thickness in follicles (height of NC) in subsequent stages of gonadal development (Fig. 9) . This process could suggest that storage substances accumulated in nurse cells were transported via the stalk to the cytoplasm of oocytes (Fig. 5c ). Mature oocytes rich in storage substances detached from the wall of the follicle and filled the follicular lumen (Fig. 5e ). According to Focarelli et al. (1990) , the differentiation of the vitelline coat is completed once the oocyte is free from the stroma. In the Chinese pond mussel at the "mature" and "spent" stages, the number of atretic oocytes of each type was relatively stable. In previous studies carried out on Unionidae mussels, atretic cells were only described at "postspawning" stages (Şehriban & Ş ereflişan, 2006; Lima et al., 2012) , but oocyte degeneration and resorption was noticed earlier in marine bivalve species like Mytilus edulis and Pecten maximus. Pipe (1987) and Dorange & Le Pennec (1989) analysed atretic oocytes and identified vacuolized cytoplasm, disrupted plasmalemma, and enlarged perivitelline space. Dorange & Le Pennec (1989) also pointed out pouches in the nuclear membrane, damaged cell membrane, discontinuous yolk sac, and the release of cell content to the intrafollicular space. Eosinophilic granules in the cytoplasm of atretic oocytes in Hyridella depressa were mentioned by Byrne (1998) . Some of these characteristics were also identified in S. woodiana.
The cause of cell degeneration has not been explained. Possibly, it may result from resorption controlling the number of cells in a follicle, or a selfcleaning process through which the gonad could prepare itself for a new sexual cycle (postspawning resorption). Unfavourable environmental conditions can also induce gametolysis (Motavkine & Varaksine 1989) .
Reproductive follicles activity assessment Changes in temperature and availability of food are important factors inducing gonadal development and gametogenic transformations in cold-blooded animals (MacDonald & Thompson, 1985; Juhel et al., 2003; Galbraith & Vaughn, 2009 AM adductor, F foot muscle, h hook, LT larval thread, OD outer demibranchs, P pallium, VC vitelline coat throughout the year, suggesting the continuous development of germ cells (Chatchavalvanich et al., 2006) . Dudgeon & Morton (1983) also reported the all year long gonadal activity of S. woodiana. The Chinese pond mussels from the cooling water showed all year long multiple ovulation. Each month, partial spawning occurred in mature females (mature and previtellogenic cells were always present). On several occasions, individuals at the mixed stage of gonadal development (5B) were noted. This process can suggest an increased reproductive effort in females who simultaneously ovulated and regenerated the lineage of reproductive cells. The continuous reproduction of S. woodiana may undoubtedly contribute to the increase in the size of the mussel population and colonization success in this species. The observed gonadal activity predisposes females to the interrupted production of glochidia and their sequential release into the environment by different individuals in asynchronic fashion.
How can we explain the characteristics of the reproductive cycle in the Chinese pond mussel in cooling water? Because of the differing number of power units operating in the power plant, and the discharge of cooling water at different time intervals, the temperature of water in the Ciepły Channel is relatively unstable. According to Sîrbu et al. (2005) and Corsi et al. (2007) , S. woodiana is physiologically predisposed to function in harsh environmental conditions. Byrne et al. (2000) claimed that the constant presence of mature oocytes in gonads could explain the adaptation of mussels to unstable environmental conditions. In cooling water, after a period of unfavourable conditions and, for example, increased mortality of released larvae, such asynchronous and partial spawning observed in S. woodiana could allow females to further deposit eggs in gills. After fertilization and larvae development, the next generation clutch of glochidia would be released into the water.
It should also be mentioned that in the cooling water of the "Dolna Odra" power plant there are fish farming cage systems, where fish are fed with industrial fodder. Perhaps the supplied fodder affects the trophy level in the river strongly enough to create a habitat suitable for S. woodiana. Byrne (1998) , who investigated different populations of H. depressa, also found continuous gametogenesis in this species in eutrophic reservoirs, but seasonal gametogenesis in oligotrophic sites.
Characteristics of glochidia
Larvae of the Chinese pond mussel differed from glochidia produced by Unionidae spp. found in European waters in terms of shape and size of larval shell (Pekkarinen & Englud, 1995a, b) . Glochidia of S. woodiana from Poland, compared to the larvae of A. woodiana from Japan and Anodonta amurensis from Far Eastern Russia, were similar considering the values of a single metric feature of the shell: height (Kondo, 1987) or length (Sayenko et al., 2005; Sayenko & Soroka 2013 ). Unfortunately, phylogenetic data are still unavailable to clarify if unionids of Anodonta spp. indigenous in Asia, sometimes reported as Sinanodonta, represent the same or different species. However, considerable differences in the morphology of mussels living in the Heated Konin Lakes system in zones of different temperature and water flow rates suggests that adult mussels, depending on environmental conditions, show high plasticity in terms of the shape and size of their shell (Soroka & Zdanowski, 2001 ) which can also be observed in their larvae. The hooks of S. woodiana glochidia probably help the larvae to attach more effectively to fish and to increase the number of sites for encystation (Łabęcka, 2009) . The presence of the larval thread is probably associated with the formation of a structure preventing the glochidia from sinking to the bottom, and thus prolonging floating in water until the fish host is found. This thread could have a function similar to silk threads in ballooning spiders. In European representatives of the Unionidae, a larval thread was not found in Pseudanodonta complanata or Unio crassus-species preferring lothic water. However, it was identified in Unio tumidus, Unio pictorum, A. cygnea, and A. anatina (Pekkarinen & Englund, 1995b; Pekkarinen, 1996; Wächtler et al., 2001) . The Chinese pond mussel in the Ciepły Channel inhabited sites of slow water flow (Skuza et al., 2009) , and in many other sites in Poland, such as calm-flowing river canals and ponds Spyra et al., 2012) .
Brooding periods
Depending on the environmental conditions, the brooding period and the duration of encystation on a fish body may differ in mussels, even of the same species (Piechocki, 1969 (Piechocki, , 1999 Dudgeon & Morton, 1984; Watters & O'Dee, 1999 , 2000 Hinzmann et al., 2013) . In the Asian populations of S. woodiana, gravid females were found almost all year (except for August and October) (Dudgeon & Morton, 1983) and from February to August (Kondo, 1987) . In the Plover Cove Reservoir, the number of individuals incubating glochidia decreased below 30% in autumn and winter (Dudgeon & Morton, 1983) , while in the Ciepły Channel-below 25%. In one site in Europe, in the Kyjovka River (Czech Republic), mature glochidia in gills were detected from April to September and immature glochidia from December to August (Douda et al., 2012) . For comparison, in cooling water, the brooding females were found all year round (Fig. 12) . Individuals produced mature oocytes in portions and showed asynchronic gonadal activity. This type of ovulation of mature cells predisposes females to the continuous production of larvae and their partial release by different individuals in asynchronic fashion. Mussels were characterized by tachytictic incubation (individuals were short-term brooders) and a mixed way of offspring overwintering (parent and host overwintering) (Łabęcka, 2009 ). This was also confirmed by preliminary observations on fish: common rudd Scardinius erythrophthalmus, pumpkinseed Lepomis gibbosus and white bream Blicca bjoerkna (Łabęcka, 2009) .
Interestingly, some of the analysed reproducing females had relatively small shells. Dudgeon & Morton (1983) , and Kondo (1987) also reported small mature and brooding females. It is known that the Unionidae are characterized by undetermined growth and continue it after reaching sexual maturity. The fact that mussels of small body size reach reproductive maturity can be associated with living in an environment where seasonal or other types of variations occur (Müller et al., 2012) . For example, changes in the water level were recorded in the Plover Cove Reservoir and unstable temperature in the cooling water. It should be pointed out that the water in the Ciepły Channel is also affected by flood waves formed locally and in the upper section of the Odra River after winter snowmelt and rainfall. The backflow of saline water from the Gulf of Pomerania, which adjoins the Baltic Sea, and increases or decreases in water levels caused by wind, has also been reported (Buchholz, 1993; Tórz, 2002) .
Conclusions
Thermal pollution of water can affect biodiversity and cause changes in the reproductive behaviour of native fauna (Formicki et al., 2006; Domagala et al., 2015) . For thermophilic animals from other climatic zones, heated water that generated by industry can create suitable conditions for life, and also for continuous reproduction, as demonstrated in this study. The analysis of the reproductive potential of mussel species using the example of S. woodiana can help to forecast potential threats caused by accidentally introduced species. Their excessive reproduction may become a factor limiting the availability of free ecological niches for native species and could also influence the formation of new habitats (Meneghetti et al., 2004; Werner & Rothhaupt, 2007) . Therefore, more detailed ecological studies are necessary to investigate changes in the population size and density of these mussels, and interactions with other species living in the cooling water of the Odra River.
Open circuits of cooling water should be continuously monitored for the distribution of alien species, particularly near protected areas (e.g. the mouth of the Ciepły Channel adjoining the border of the "Dolna Odra River Valley" Landscape Park). Currently, warm short winters when no ice cover is formed on water reservoirs are increasingly frequent in Poland. Such environmental conditions promote the colonization of natural waters by species arriving from warm climatic zones and their further expansion .
